We report results from a combined experimental and computational study of low-energy electron interactions with acetaldehyde in the gas phase. Differential cross sections for elastic electron scattering were measured at selected incident energies from 1 to 50 eV, while corresponding first-principles calculations were carried out up to 30 eV. Integral and momentum-transfer cross sections were derived from the angle-differential data. The role of resonances in the scattering is examined and comparison is made to previous results for acetaldehyde and for its analogs, formamide and formic acid.
I. INTRODUCTION
Acetaldehyde or ethanal, CH 3 CHO, is the simplest aldehyde apart from formaldehyde, H 2 CO, from which it differs by the replacement of one H atom with a methyl group. Acetaldehyde was one of the first organic molecules identified in the interstellar medium [1] [2] [3] . Like formaldehyde and formic acid (HCOOH), acetaldehyde has both a large permanent electric dipole moment and an empty carbonyl π * orbital that may trap electrons to form metastable states and so give rise to resonances in photoexcitation and electron scattering. The role of dipole-bound resonances, their evolution with bond length into σ * resonances, and the possible interplay between such resonant mechanisms and the π * resonance are subjects of considerable interest and some controversy [4] [5] [6] [7] . Determining cross sections for elastic scattering of low-energy electrons by acetaldehyde is a step toward understanding such resonant processes.
We know of no prior measurements of the elastic-electronscattering cross section of acetaldehyde. However, van Veen and coworkers [8] and Jordan and Burrow [9] measured the transmitted electron current (or its derivative), which is sensitive to the presence of narrow elastic resonances. The expected C-O π * shape resonance was observed at 1.3 eV [8] and at 1.19 eV [9] . In an electron energy-loss experiment, Dressler and Allan [10] observed electronic Feshbach resonances between 6 and 7 eV. Measured cross sections for vibrational excitation by electron impact have shown both the π * resonance [10, 11] , at about 1.2 eV, and a further broad peak at 6.8 eV, assigned to one or more σ * resonances [10] . Other measurements have determined thresholds and, in some cases, relative cross sections for electronic excitation [8, 10, [12] [13] [14] [15] [16] , while still others have examined dissociative electron attachment [10, [17] [18] [19] and electron-impact ionization [20] [21] [22] . Burean and Swiderek [23] have studied the chemistry induced in condensed acetaldehyde by low-energy electron impact. Recently, Szmytkowski [24] reported absolute measurements of the total cross section (TCS) for electron scattering by acetaldehyde over an extensive energy range, from 0.7 to 400 eV. Although broad maxima are visible in the TCS between 5 and 10 eV, the π * resonance is not observed. Acetaldehyde is isoelectronic with formamide, NH 2 HCO, and the two are similar in both overall structure and dipole moment. Recent measurements [25] [26] [27] and calculations [28] [29] [30] have studied low-energy resonant scattering or attachment processes in formamide and have provided some information on its elastic cross section [29] [30] [31] . Acetaldehyde is likewise isoelectronic with and structurally similar to formic acid, though formic acid has a significantly smaller dipole moment. Low-energy electron collisions with formic acid have been the subject of a number of recent experimental [7, [32] [33] [34] [35] [36] [37] [38] [39] [40] and theoretical [4] [5] [6] [41] [42] [43] [44] [45] studies. Given the dearth of data on elastic scattering by acetaldehyde itself, results for these two analogs are useful points of comparison.
The present paper reports a combined experimental and computational study of elastic scattering of low-energy electrons by acetaldehyde. Measurements of the differential cross section (DCS) were performed over a range of scattering angles and at energies from 1 to 50 eV, while calculations of the DCS were carried out from 0.1 to 30 eV. The integral cross section (ICS) was estimated from the measured and calculated DCSs after correcting for the strong scattering at near-forward angles due to the long-range potential created by the permanent electric dipole moment.
II. EXPERIMENT
The experimental apparatus has been described previously, e.g., by Khakoo and coworkers [46] , so only a brief description is given here. The electron gun and the detector employ double hemispherical energy selectors with cylindrical electrostatic lenses, and the apparatus is made of titanium. The system was heated to about 130
• C with magnetically free biaxial heaters (ARi Industries Model BXX06B41-4K). The analyzer detector consisted of a discrete dynode electron multiplier (Equipe Thermodynamique et Plasmas Model AF151) with the extremely low background rate of <0.01 Hz and the capability of linearly detecting up to 1 MHz of electrons without saturating. The analyzer employed a virtual-apertures configuration downstream from the entrance (0.7-and 1-mm-diameter apertures), which enabled a more efficient transmission of low-residual-energy electrons (since these apertures could be operated at a higher energy, rather than being fixed at the collision region potential). A skimmer nose piece with a 3-mm aperture at the entrance of this analyzer served to suppress secondary electrons and also limited the depth of field of the detector to be ±3 mm around the collision region. The remnant magnetic field in the collision region is reduced to about 1 mG by using a double μ-metal shield as well as a coil that eliminated the vertical component of Earth's magnetic field. Typical electron currents were around 20 to 25 nA, with an energy resolution of 50 to 60 meV, full width at half maximum. The electron beam could be focused at energies below 1.0 eV and up to 100 eV. The spectrometer current remained stable to within 10% over a period of several weeks, requiring minor tuning of the spectrometer to maintain the long-term stability of the current to within 10% at any time. The energy of the beam was established by determining the dip in the He elastic-scattering cross section due to the 2 2 
S He
− resonance at 19.366 eV [47] to an uncertainty of ±20 meV during a run at a given impact energy E 0 . Typically the contact potential so determined drifted about the value of 0.95 eV by ±0.05 eV over the multiweek course of the experiments. Energy-loss spectra of the elastic peak were collected at fixed incident electron energy (E 0 ) values and electron-scattering angles θ by repetitive, multichannel-scaling techniques. The angular resolution was 2
• , full width at half maximum. The effusive target gas beam was formed by flowing gas through a thin aperture source 0.3 mm in diameter described previously [48] . This source was sooted, using an acetylene flame, to reduce secondary electrons and placed 6 mm below the axis of the electron beam, incorporated into a movable source arrangement [49] . The movable gas source method has been well tested previously in our laboratory and determines background scattering rates expediently and accurately. The vapor pressure behind the source for acetaldehyde was between 0.15 and 0.2 Torr and that for helium was between 1.0 and 1.6 Torr, while the pressure in the experimental chamber was around 1 × 10 −6 Torr. The gas beam temperature, determined by the apparatus temperature in the collision region, was about 130
• C; however, in most of the gas-handling copper tubing, the temperature was about 85
• C, with the higher temperature only in the last 4 cm of the tube before the gas exited into the collision region. Based on the flow rate vs drive pressure analysis [48] , the gas-kinetic molecular diameter of acetaldehyde was determined to be 7.27 × 10 −8 cm. The differential cross sections for elastic scattering from acetaldehyde were normalized via relative flow [48] to the well-established elastic cross sections for He from Ref. [50] .
Our elastic-scattering measurements were taken at E 0 values of 1, 2, 3, 5, 10, 15, 20, 30, and 50 eV for scattering angles ranging from 5
• to 130
• . To compute integral elastic and momentum-transfer cross sections, the measured DCSs were extrapolated to 0
• and 180
• using a smooth polynomial fit. To account for the strong forward scattering due to the dipole moment, the ICS was also evaluated using the first Born approximation to the point-dipole DCS in the extrapolation, with a dipole moment of 2.72 D [51] and an energy loss of 5 meV.
III. COMPUTATION
The calculations employed the Schwinger multichannel (SMC) method [52, 53] as implemented for parallel computers [54, 55] . General information about the SMC method may be found in the references cited, so here we describe only the details particular to the present study of acetaldehyde. 
All calculations were carried out within the fixed-nuclei approximation using the ground-state equilibrium geometry of acetaldehyde as computed at the level of second-order Möller-Plesset perturbation theory within the 6-31G(d) basis set [56, 57] . The minimum-energy conformation belongs to the C s point group and has one of the methyl hydrogens cis to the carbonyl oxygen. The geometry optimization and subsequent bound-state electronic structure calculations were carried out with the program system GAMESS [58] .
The choices of one-electron and many-electron basis sets to describe the electronic structure of the target molecule and the structure and dynamics of the electron-molecule collision complex are both important considerations in the SMC approach. Our one-electron basis for acetaldehyde incorporated a standard contracted Gaussian basis set, the augmented correlation-consistent polarized valence double-ζ (aug-ccpVDZ) set [59, 60] , supplemented with uncontracted Gaussian functions distributed around the periphery of the molecule. The latter set included diffuse s and p Gaussians located at the positive end of the molecule as well as s Gaussians centered at grid points on all sides of the molecule, as detailed in Table I . These added Gaussians improve the description of possible dipole-bound states and expand the "computational box" within which the scattering function is represented. Our experience has been that adding such functions improves the numerical stability of the calculation, provided of course that care is taken to avoid introducing linear dependence in the basis. After excluding the x 2 + y 2 + z 2 linear combinations of the d Gaussians, the overall one-electron basis set contains 159 contracted Gaussians from which to construct the 12 doubly occupied Hartree-Fock orbitals describing the ground state of the target. It should be noted that, despite using an extended and flexible basis set, we obtained a value of 3.347 D for the static electric dipole moment of the ground state, which is 22% larger than the experimental value, 2.750 D [61] . It is necessary to go beyond the Hartree-Fock level to obtain a better value of the dipole moment; for example, even without the supplementary functions of Table I , the aug-cc-pVDZ basis yields a much more accurate value of 2.808 D at the level of second-order Möller-Plesset perturbation theory.
The 147 unoccupied Hartree-Fock orbitals were subjected to an orthogonal transformation to form "modified virtual orbitals" [62] , using a +6 cationic Fock operator, in order to generate a set of compact, valencelike orbitals suitable for use as particle orbitals when representing polarization and correlation through virtual excitations [63] . The SMC variational space of many-electron functions was then constructed from three classes of doublet configuration state functions. The first class consists of the ground-state Hartree-Fock wave function antisymmetrized with each of the virtual orbitals.
The second, and by far the largest, class consists of singlet single excitations from the 9 valence orbitals of the ground state into the 30 lowest-energy modified virtual orbitals, again coupled with all of the virtual orbitals to form doublet configuration state functions. The third class includes doublet functions formed from the triplet single excitation of the C-O π orbital into the lowest-energy virtual orbital, which has C-O π * character, coupled with all virtual orbitals. These three classes are intended to describe, respectively, scattering from the unrelaxed target charge density, orbital relaxation during the collision ("polarization"), and virtual excitation to the low-lying (π → π * )1 A scattering amplitudes obtained from the solutions of the linear systems were summed to obtain the physical scattering amplitude. A correction for long-range scattering due to the dipole potential was then applied, using a form of the standard "Born completion" procedure [64] . In this procedure, the contributions of low partial waves to the scattering amplitude are taken from the SMC calculation, while those of higher waves are obtained from the first Born approximation for a fixed-point dipole. To be consistent with the description of the target molecule used in the SMC calculation, we used the Hartree-Fock dipole moment in this step. The cutoff, denoted L max , for the angular momenta retained from the SMC calculation was decided by a semiclassical criterion,
, where R, the radius of the molecular charged density, is taken as approximately 4 bohr units and p is the momentum of the projectile electron. The cutoffs chosen in rough consistency with this criterion were L max = 1 up to 3 eV, L max = 2 above 3 and up to 5 eV, L max = 3 above 5 and up to 7.5 eV, L max = 4 above 7.5 and up to 15 eV, L max = 5 above 15 and up to 22 eV, and L max = 6 above 22 and up to 30 eV.
Because the first-Born DCS for elastic scattering by a fixed-point dipole has a nonintegrable singularity at 0
• , some inelasticity must be assumed to obtain a finite ICS. In the present work, we computed the ICS by combining the pure dipole-Born DCS for an energy loss of 0.01 eV, analytically integrated from 0
• to 2, with the corrected DCS described above, numerically integrated from 2
• to 180
• . The choice of 0.01 eV for the inelasticity is arbitrary but intended to be representative of typical rotational transitions in room-temperature acetaldehyde; doubling or halving this value changes the resulting ICS by ∼5% or less, depending on the electron energy. The choice of matching angle is likewise arbitrary, and the results are likewise insensitive to modest variation of that choice.
IV. RESULTS AND DISCUSSION
Differential cross sections for elastic electron scattering from acetaldehyde are shown at selected collision energies in Figs Table II . We present there both our uncorrected SMC results and those obtained from the dipole-Born correction procedure just described. As can be seen, the effects of this correction are dramatic at the lowest collision energies, while at higher energies they are only significant in the extreme forward direction. With the correction included, we obtain rather good agreement between measurement and calculation down to 1 eV, the lowest energy considered. However, at 10 eV and above, there are significant quantitative differences between the calculated and measured DCSs at intermediate scattering angles. Differential elastic cross sections measured at a fixed scattering angle as a function of the collision energy, sometimes referred to as "elastic excitation functions," are shown in Fig. 3 . Such cross sections provide stringent tests of the agreement between computation and experiment and may reveal resonant features not apparent in DCS data obtained at fixed energies. In the present case, the experimental results of Fig. 3 show no clear evidence of the low-energy π * resonance; at most, there is some suggestion of an enhancement between roughly 1 and 1.5 eV. In their high-resolution study, Benoit and coworkers [11] observed resonant peaks with superposed "boomerang" oscillations [65] in the excitation cross sections for several vibrational modes but stated that the elastic cross section was "structureless." Although it is unclear whether they were referring to a lack of boomerang structure or the absence of a resonant peak, in the closely related formic acid molecule, Allan [39] found that the π * resonance produced only a weak shoulder in the vibrationally elastic cross section, as opposed to peaks in the vibrational-excitation channels. In any case, it appears that the acetaldehyde π * resonance is either absent from our measurements or too weak and broad to stand out clearly against the strong dipole-scattering background. On the other hand, it stands out clearly in our calculated cross sections (without Born correction) at 90
• and 125
• . However, calculations such as ours that do not consider vibrational motion invariably yield resonances that are too narrow and strong, both because they neglect vibrational broadening and because they preclude loss of flux to vibrationally inelastic channels; thus, we do not expect to observe such a sharp peak in the measured data. Although the sharp peak is absent from the Born-corrected cross sections shown in Fig. 3 , we consider the resulting agreement with the measurements somewhat fortuitous: being π * in character, the resonance is predominantly associated with the = 2 partial wave, and in this energy range, the = 2 contribution to the corrected results was taken from the (necessarily nonresonant) dipole-Born amplitude.
At higher energies, the fixed-angle measurements of Fig. 3 show broad features whose number and position depend on the scattering angle. At 55
• , there is a plateau running from about 5 to 12 eV that may result from overlapping broad peaks; at 90
• , there is a shoulder at about 4 eV and a peak at about 7 eV; while at 125
• , there is a single pronounced peak centered at about 8 eV. The last two of these may plausibly be associated with the broad maximum centered at 6.8 eV seen by Dressler and Allan [10] in the vibrational-excitation cross section and attributed by them to one or more σ * shape resonances. Above the energy of the π * resonance, the dipole-corrected DCSs display discontinuities where the value of L max changes but otherwise tend to track the uncorrected results, which is not surprising inasmuch as the influence of the dipole decreases with increasing energy and scattering angle. The overall agreement between the measured and calculated results in Fig. 3 is only fair. At 55
• and 90
• , the calculated DCS is in semiquantitative agreement with the measurements but appears to miss the 7-eV peak seen in the measured 90
• DCS; at 125
• , the qualitative agreement is rather good, but the 8-eV peak is much more pronounced in the measured than in the calculated cross section.
Our momentum-transfer cross section (MTCS) and integral elastic cross section are shown in Figs. 4 and 5, and the experimental values are also listed in Table II . For the MTCS, we show only uncorrected results because the dipole-Born correction is most significant at forward angles and thus has only a minor effect on the MTCS. As might be expected from the DCSs just presented, agreement between the measured and calculated results for the MTCS is only fair. Both show a broad peak between 5 and 15 eV, but the measurements indicate a higher maximum value. At 20 eV and above, meanwhile, the computed cross section exceeds the measurements, likely because the single-channel calculation precludes loss of flux to electronically inelastic channels.
As seen in Fig. 5 , the dipole-Born correction greatly increases both the ICS values obtained from the measurements and those obtained from the SMC calculation. As was the case for the MTCS, the experimental ICS evaluated without the dipole-Born correction for forward scattering is in fair agreement with the uncorrected SMC ICS. The corrected values are also in fair agreement, although the SMC result is generally larger. As noted in Sec. III, the Hartree-Fock dipole moment, which for consistency was used to evaluate the Born correction to the SMC cross section, is 22% larger than the experimental value, and the Born cross section scales with the square of the dipole moment. We estimate the error in the corrected SMC ICS due to the error in the dipole moment as ∼40% at 1 eV and 14% at 30 eV. The effect of this error is partially offset by the different energy-loss values assumed in extrapolating the SMC and experimental DCSs to 0
• (10 and 5 meV, respectively). Clearly, both results are subject to considerable systematic uncertainties, but together they should provide a better representation of the true ICS than the uncorrected values. It is thus noteworthy that both are larger than the reported TCS [24] at energies up to 15 eV. Attenuation measurements on strongly polar systems such as acetaldehyde systematically underestimate the TCS, due to the impossibility of discriminating between unscattered electrons and those scattered elastically through small enough an angle to pass through the exit aperture. However, Szmytkowski [24] estimates this systematic effect at only 3% over most of the range shown in Fig. 5 and 5% to 7% below 3 eV, much too small to account for the inconsistency seen in Fig. 5 between the reported TCS and the dipole-corrected elastic ICS results, especially at low energies. Further investigation of both the total and elastic cross sections might help clarify this discrepancy.
The decomposition of the uncorrected SMC ICS into its 2 
A and 2
A components is also shown in Fig. 5 . The narrow low-energy peak is seen to occur in 2 A , as expected for a π * resonance; its energy, about 1.65 eV, is somewhat above the experimental position of 1.2 to 1.3 eV [8] [9] [10] [11] . The broad maximum in the ICS near 10 eV results from overlapping 2 A and 2 A features, each of which may contain more than one broad resonance.
The isoelectronic molecule formamide also exhibits a lowenergy π * resonance. Electron transmission measurements [25] place this resonance somewhat higher in energy (2.05 eV) than the resonance in acetaldehyde. There is less evidence for higher-energy shape resonances, however. The available calculations of the formamide elastic ICS show either a plateau [29] A maxima [30] in the 5 to 10 eV energy range, in contrast to the pronounced peaks seen in the present calculated and measured results for acetaldehyde. Formic acid, also isoelectronic with acetaldehyde, exhibits a well-studied π * resonance at 1.8 eV (e.g., Ref. [7] ). Again, though, the calculated elastic cross sections [41] [42] [43] 45] do not provide clear evidence of higher-lying σ * resonances, while the available elastic measurements [36] lack the energy resolution to indicate whether such features are present. There is, however, a broad maximum in the measured TCS between roughly 5 and 15 eV [32] .
V. SUMMARY
We have presented computed and experimental cross sections for the elastic scattering of low-energy electrons by acetaldehyde. The calculated and measured DCSs are in reasonable agreement from 1 to 15 eV, although the measurements show stronger high-angle scattering at energies around 10 eV. The C-O π * shape resonance that is seen in electron-transmission [8, 9] and vibrational-excitation [10, 11] measurements is also seen in our fixed-nuclei elastic calculations; however, it is not apparent in either our measured elastic cross sections or the total cross section of Ref. [24] . A broad maximum near 8 eV appears to result from overlapping resonances of both 
